nation of plasma amino acid levels. MMNm peak strength showed relatively high correlations in both MZ and DZ twin pairs. The differences in MMNm latencies tended to correlate with the differences in plasma amino acid levels within MZ pairs, while no significant correlation was observed after the Bonferroni correction. We observed a familial trait in MMNm strength. The differences in MMN latency in MZ twins might be influenced by changes in glutamate levels and glutamate-glutamine cycling; however, the results need to be replicated.
Introduction
Mismatch negativity (MMN) or its magnetic counterpart (magnetic mismatch negativity; MMNm) is a component of event-related potentials (ERPs) or the magnetic field elicited by a physically deviant stimulus in a train of standard stimuli. The MMN is regarded as a promising biomarker for schizophrenia (SZ). Electroencephalography (EEG) and magnetoencephalography (MEG) studies consistently report reduced MMN amplitudes in patients with SZ [1, 2] . The MMN amplitude declines across clinical stages including ultra-high risk, first-episode, or chronic SZ [3, 4] . Moreover, first-degree healthy relatives of patients with SZ also exhibit reduced MMN amplitudes [5, 6] , although exceptions to this have also been reported [7] .
Previous EEG studies of MMN have demonstrated a moderate-to-high heritability for MMN amplitudes in 40 monozygotic (MZ) and 30 dizygotic (DZ) twin pairs [8] . In contrast, reliability and heritability for MMN latency were low [8] . Hall et al. [8] performed a structural equation modelling analysis and reported that, other than the estimated heritability, the shared environment component exerted a minimal influence on MMN amplitude and latency, and the components of specific environment and measurement errors accounted for the rest of the variance. However, it is unknown what environmental factors influence the difference in MMN amplitude and latency within twin pairs.
The MMN is thought to reflect glutamatergic neurotransmission mediated by N -methyl-D -aspartate (NMDA) type receptors, which plays a central role in long-term potentiation and synaptic plasticity. In healthy individuals, a reduced MMN amplitude in response to administration of the NMDA receptor agonist ketamine demonstrates the involvement of NMDA receptor signalling in MMN generation [9] . We previously reported that genetic variations in metabotropic glutamate receptor 3, which is involved in regulating synaptic glutamate levels, affect phonemic MMNm in healthy males [10] . Metabotropic glutamate receptors co-activated with NMDA receptors play a significant role in synaptic plasticity [11] . Alterations in NMDA receptors are implicated in the dysregulation of glutamatergic neurotransmission seen in SZ. A metaanalysis of proton magnetic resonance spectroscopy (MRS) studies indicated decreased glutamate and increased glutamine in the medial prefrontal region of patients with SZ [12] . In this context, the MMN is associated with glutamatergic neurotransmission in the brain.
The levels of amino acids involved in glutamatergic neurotransmission in cerebrospinal fluid (CSF) can be estimated from plasma amino acid levels even though they cannot pass through the blood-brain barrier. Glutamate levels in the blood are positively correlated with CSF levels of glutamate in humans [13, 14] . Compared to healthy controls, patients with psychiatric disorders exhibit reduction in glutamate and D -serine levels both in the peripheral blood [15, 16] and in the CSF [17] . The ratio of glutamine to glutamate in the CSF of first-episode, drug-naive male patients with SZ was significantly higher than that of normal controls [18] . Furthermore, blood-metabolite correlations between MZ twins were strong relative to midparent-offspring and spouse pairs [19] , although metabolite levels are affected by nutritional status [20] . Given these previous findings, it may be reasonable to assume that there is an association between the MMN and plasma amino acid levels including glutamate and D -serine.
Therefore, we hypothesized that MMNm strength shows a high similarity and that differences in MMNm within MZ twin pairs are associated with differences in plasma amino acid levels, both due to differences in the neurophysiological phenotype.
In addition, we adopted three auditory stimulus contrasts for our MMN experiments: tone duration change, tone frequency change, and phoneme (speech sound) change. As stated above, many studies have demonstrated an association between clinical stage in patients with SZ and the amplitude of MMNs triggered by two of these contrasts -tone duration change or tone frequency change [2, 4] . MMNm is also elicited by a change in speech sounds [21] and has been seen as an index of language-specific speech sound traces and learning-induced short-term plasticity. We have shown that in patients with SZ, phonemic MMN/MMNm shows a larger reduction than pure-tone MMN/MMNm in ERP and MEG studies [22, 23] .
Thus, to examine the genetic contribution to auditory MMNm, we used MEG to investigate the intra-class correlation coefficients (ICCs) of MMNm variables in MZ and DZ adult twin pairs. Moreover, we assessed a possible association between the differences of MMNm variables and plasma amino acid levels to clarify neurophysiological differences within MZ twin pairs.
Materials and Methods
Participants Forty-three same-sex Japanese twin pairs who had been raised together (n = 86) were recruited through advertisements on our website and in the newspaper. Participant exclusion criteria were as follows: left-handedness [24] , age >55 years, opposite-sex twin pair, loss of consciousness for >5 min due to head injury, history of any psychiatric disorders assessed by the Mini-International Neuropsychiatric Interview (M.I.N.I.) [25] , or first-degree relatives with psychiatric disorders. Zygosity was determined by genotyping for 42 twin pairs by independent experimenters from the MEG measurement. DNA extracted from peripheral leukocytes was genotyped using the Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, Calif., USA). The zygosity of the remaining twin pair was estimated using a self-report questionnaire [26, 27] because they declined to submit to blood sampling. The analy-163 sis included 33 pairs of MZ twins (30 female and 3 male, mean age = 35.4 years, SD = 10.4) and 10 pairs of DZ twins (9 female and 1 male, mean age = 29.9 years, SD = 7.0). The comparisons of gender ratio (χ 2 tests) and mean age (Student's t tests) showed no significant differences between the MZ and DZ groups [χ 2 (1) = 0.008, p = 0.93, and t(41) = 1.55, p = 0.13, respectively].
Registration within twin pairs was numbered according to the birth order recorded in their maternal and child health handbooks (firstborn, twin 1; second born, twin 2). Three twin pairs without birth order documentation were numbered in the order of contact with the research program as a matter of convenience (first contact, twin 1; second contact, twin 2). Each twin pair completed the MEG experiment, blood sampling, and interview on the same day. We confirmed by interview that the participants and their parents were native speakers of Japanese, a precaution necessitated by the fact that speech sound MMN is affected by the subject's language exposure. In addition, intelligence quotient (IQ) was estimated using the Japanese version of the National Adult Reading Test (JART) [28] , which is a reading test of 50 Japanese irregular words, all of which are Kanji (ideographic script) compound words. All participants also participated in a separate near-infrared spectroscopy imaging study [29] .
Amino Acid Measurements
The current study measured levels of plasma amino acids, including glutamate, glutamine, glycine, D -serine, and L -serine, and calculated the glutamine/glutamate ratio and the percentage of Dserine.
Blood sampling for measuring amino acids in the peripheral blood was only performed for participants who provided informed consent. Blood draws were completed just before the MEG session (10 a.m. or 2 p.m. on the same day).
The measurement of glutamate, glutamine, and glycine was carried out using a high-performance liquid chromatography (HPLC) system with fluorescence detection as previously reported [18] . The measurement of total, D -and L -serine plasma levels was performed with a column-switching HPLC system (Shimadzu Corporation, Kyoto, Japan) as previously reported [30, 31] . For the detailed method of amino acid determination, see online supplementary material (for all online suppl. material, see www. karger.com/doi/10.1159/000449426).
The glutamine ratio (glutamine/glutamate) and the percentage of total serine in the D -form [100 × ( D -serine)/( D -serine + L -serine)] were also used as plasma amino acid variables, in addition to levels of glutamate, glutamine, glycine, and D -and L -serine.
Task Procedures
When participants performed the visual target detection task, the auditory stimuli to elicit MMNm were presented through ear tubes. Participants were instructed to focus on the visual target detection task and ignore the auditory stimuli. In these visual and auditory tasks for eliciting an MMNm response, we adopted our previously described procedures [10, 32] , which are briefly explained in the following section.
Visual Target Detection Task During MEG measurement, pictures (e.g. animal, flower, sweets, landscape, festival, etc.) were continuously presented for 2,000 ms one by one on the screen in front of the participants. They were asked to ignore the auditory stimuli and press the button immediately after target stimulus presentation (e.g. sweets). The target stimuli were randomly presented with a probability of 30% and were not synchronized with the auditory stimuli presented to elicit the MMNm. Auditory Task MMNm responses were recorded during the auditory task. The auditory stimuli were presented to both ears through the ear tubes (80 dB SPL and a rise/fall time of 10 ms). The experiments consisted of two sequences, and each sequence was conducted until 120 deviant stimuli were presented in each condition. One sequence elicits the MMNm in response to pure tonal changes using two deviant stimuli (standard: 1,000 Hz, 50 ms, 83%; duration deviant: 1,000 Hz, 100 ms, 8.3%; frequency deviant: 1,200 Hz, 50 ms, 8.3%). Another sequence elicits the MMNm in response to phonemic changes using a native Japanese actor's voice (standard: Japanese vowel /a/, 250 ms, 90%; deviant: Japanese vowel /o/, 250 ms, 10%) which was digitalized in NeuroStim System (Neuroscan Inc., Charlotte, N.C., USA). The inter-stimulus interval was set at 445 ± 15 ms. Auditory presentation was conducted using Stim2 presentation software (Neuroscan Inc.). The presentation order of the two sequences was counterbalanced across the twin pairs, and the same order was presented within twin pairs.
MEG Acquisition
The MEG signal was measured in a magnetically shielded room using VectorView (Elekta Neuromag, Helsinki, Finland). This machine has 204 first-order planar gradiometers at 102 measuring sites on a helmet-shaped surface that covers the entire scalp. The position of the magnetometer with respect to the head was determined at the beginning of the task under each condition by recording the magnetic fields produced by currents fed into four indicator coils at predetermined locations on the scalp. The recorded MEG data were filtered online with a band-pass filter of 0.03-100 Hz, digitalized at a sampling rate of 512 Hz, and averaged separately in the standard and deviant conditions. When necessary, the MaxFilter program by Elekta, which eliminates electrical signals from sources other than the head, was applied to the MEG signals before averaging. Any data with movement contamination, defined as electro-oculogram >150 μV or MEG exceeding 3,000 fT/ cm, were excluded from the averaging. The averaging period of one trial was 400 ms, including an 80-ms pre-stimulus baseline. We used a signal-space projection filtering method to cancel external noise. The number of deviant stimuli used in the subsequent analysis was >100 for all stimulus conditions. The averaged data were filtered offline with a band-pass filter of 1-20 Hz.
MEG Data Analysis Magnetic Counterpart of Global Field Power of MMNm
The MMNm was detected as a difference between the magneticfield transient evoked in response to the deviant stimulus and the transient evoked in response to the standard stimulus. The MMNm curve was calculated using a spherical head model. We adopted two indices of peak strength and latency for the MMNm evaluation. MMNm strength was given as an indication of the magnetic counterpart of the global field power (mGFP). We adopted the mGFP because single sensor data were not stable due to individual differences in the spatiotemporal pattern of MMNm. The mean waveform from the 54 channels over the temporal region was plotted for each hemisphere (right and left) and condition (standard and devi-ant). Next, we calculated the MMNm waveform by subtracting the standard from the deviant waveform. Finally, the mGFP was calculated as the root mean square (RMS) of the differences between the magnetic-field transient evoked in response to the deviant stimulus and the transient evoked in response to the standard stimulus. The inputs to this calculation were the means of the 54 channels covering the temporal region, broken down by hemisphere and condition as previously reported [10, 33] . The peak latency of each MMNm was determined at the time point of the maximum strength in the mGFP curve between 100 and 250 ms [23, 34] .
Statistical Analysis
We first performed repeated-measures analysis of variance (ANOVA) with years of education and estimated IQ serving as dependent variables, 'zygosity' (MZ and DZ) serving as an independent variable and between-subject factor, and 'twin order' (twin 1 and twin 2) serving as an independent variable and withinsubject factor.
ICCs with a one-way random effects ANOVA design [35] were calculated for MMNm peak strength and latency in each of the three MEG task conditions (phonemic change, tone duration change, and tone frequency change) in each hemisphere (left and right), and by zygosity (MZ and DZ), as an index of similarity. ICC was also calculated for years of education and for estimated IQ.
Next, to clarify the association between differences in neurophysiological indices in MZ twins and differences in blood amino acid levels, Spearman's rank correlation coefficients were calculated for the difference values between MZ twins for each MMNm variable and each amino acid level (glutamate, glutamine, glycine, glutamine/glutamate, D -serine, L -serine, total serine, and D -serine/total serine). The difference values of MMNm and amino acids were calculated by subtracting the value of the twin with the smaller MMNm from the value of the twin with the larger MMNm. We also calculated the Spearman's rank correlation coefficients between each MMNm variable and each amino acid level across MZ individuals (n = 52). Additionally, we performed multiple regression analysis when significant correlations were observed. Each MMNm variable was considered a dependent variable, and each amino acid value, age, sex (male = 1, female = 2), twin pair (No. 1-26), and amino acid assay time (No. 1-3) was considered an independent variable. In cases where an outlier was found by the SmirnovGrubbs test, we re-ran the analysis with the outlier excluded.
Statistical significance was set at p < 0.05. We adopted the Bonferroni method to correct for multiple comparisons (p < 0. 
Results

Twin Similarity
A repeated-measures ANOVA with 'zygosity' and 'twin order' revealed no significant differences for main effects. Moreover, no significant differences were found for interactions with years of education (MZ twin 1, mean = 14.6 years, SD = 1.7; MZ twin 2, mean = 14. 
MEG Molecular Correlations with between-Twin Difference Values for MZ Twins
Of the 43 twin pairs with MEG measurements, 26 MZ (25 female and 1 male) and 7 DZ (6 female and 1 male) twin pairs underwent blood sampling to examine plasma amino acid levels ( table 3 ) .
We calculated Spearman's rank correlation coefficients between the values of differences between MZ twins to examine whether the variable neurophysiological indices in MZ twins were associated with differences in blood amino acid levels. Our analysis revealed that twins with longer latency of phonemic change in the left hemisphere relative to their co-twins tended to have higher levels of glutamate (ρ = 0.472, p = 0.015; fig. 2 a) and lower glutamine/glutamate values (ρ = -0.405, p = 0.04; fig. 2 b) . In contrast, twins with longer latency of phonemic change in the right hemisphere relative to their cotwins tended to have higher glycine values (ρ = 0.488, p = 
Discussion
Familial Influences on the Maximum MMNm Amplitude
Our findings demonstrate that MMNm peak strength correlates highly in MZ twin pairs. The high similarity of maximum MMN amplitude in MZ twins is consistent with previous ERP studies [8, 36] . These results suggest genetic contributions to the MMNm. In particular, the maximum MMNm strength of the left hemisphere in the phonemic change condition showed the highest ICC in MZ twin pairs. The MMN/MMNm amplitude elicited with speech sounds exhibited a left hemisphere dominance. Naatanen et al. [21] reported that the MMNm was larger in the left than in the right hemisphere when a deviant stimulus was used as a prototype in a Finnish language study, and they concluded that the left auditory cortex is involved in phonemic discrimination. Subsequent studies replicated this finding for Japanese [37] and English [38] participants. These results suggest that the phonemic change MMN might be a candidate intermediate phenotype useful in research.
Plasma Glutamate Level as an Environmental Factor Affecting the Duration Change MMNm Latency
We observed a low ICC value for MMNm latency similarities in both MZ and DZ twin pairs, but the differences of MMNm latency in the phonemic change condition and pure-tone duration change condition tended to correlate with the difference of plasma amino acids within MZ pairs, while no significant correlation was observed after the Bonferroni correction. Duration-deviant MMN is considered more suitable as an index of vulnerability in SZ than frequency-deviant MMN because the amplitude reduction was larger in the former than in the latter [39] . Therefore, it is plausible to associate the amplitude reduction with the glutamate difference in the duration-deviant condition.
Changes in MMNm latency observed in several psychiatric disorders, including in SZ [40] and bipolar disorder [41] , indicate dysfunctional glutamatergic neurotransmission. MMN latency is considered as an index of the time needed to recognize that a particular stimulus is not the same as the preceding stimuli [42] . Based on the adaptation hypothesis of the MMN, the latency may be dependent on the temporal responsiveness of the relevant neuronal population in the auditory cortex [43] . Javitt [44] proposed that changes in latency in patients with SZ may reflect dysfunction in the early bottom-up processing of sensory inputs.
In patients with SZ, some studies reported shortened [45, 46] and prolonged MMN latencies [23, 47] , while others did not observe a difference [48] . These disparate results might be because glutamate levels in the brain of subjects with SZ vary depending on an individual's clinical course. The glutamine/glutamate ratio has a key role as part of the glutamate-glutamine cycle in neuron-glia communication, and it has been suggested that an abnormality in glutamate-glutamine cycling in the brain typifies patients with SZ [49, 50] . In fact, glutamate + glutamine reductions in the medial prefrontal cortex were only found in patients with chronic SZ [51] . Furthermore, ketamine administration to mice is known to increase the N40 latency and abolish a subsequent deviance-elicited component between 50 and 75 ms, which is analogous to N100 and MMN in humans [52] . One of the reasons for inconsistent MMN latencies is that this measurement can be influenced by changes in glutamate levels and the glutamate-glutamine cycling in the brain. Recently, several studies have reported an association between glutamatergic neurotransmission inferred using MRS and ERP. Kompus et al. [53] have shown that subjects with higher glutamate + glutamine in the superior temporal lobe have a shorter peak latency of the duration MMN. In this regard, however, the relationship between measures of glutamate in the plasma and H-MRS measures of glutamate in the brain remains to be established and requires further investigation.
The lack of a significant association between amino acid levels and the frequency-deviant MMN might be explained by the difference in the task paradigm, but the exact reason is unknown. Unlike duration-deviant MMN, frequency-deviant MMN does not tend to be significantly reduced in patients with SZ compared to healthy controls [39, 54] .
It is known that NMDA receptor blockade reduces the MMN. Moreover, many studies have pointed to possible involvement of nicotinic, dopaminergic, muscarinic, GABAergic, and serotoninergic receptors in this phenomenon [55] . In consideration of this, we should entertain the possibility that all these pathways contribute to MMNm generation.
The Effects of the Differences in an Experimental Condition on MMNm Variables
Speech sound MMNm reflects long-term memory and native language. The participants in the present study were native Japanese speakers. The heritability of language is comparatively high, and genetic factors influence linguistic abilities in particular [56] . The left hemisphere of the brain is recognized as dominant for language. Therefore, there is convincing precedent for the high ICC of the maximum mGFP strength of the phonemic MMNm seen in the left hemisphere in the current study. On the other hand, pure-tone MMNm reflects short-term discrimination learning. Past studies have pointed out that frequency-deviant MMNm represents transient refractoriness in neurons [57] , while duration-deviant MMNm represents a memory-based process. A change in the number of glutamate receptors with learning, which leads to changes in synaptic transmission efficiency [58] , is considered the basic process in memory formation and extinction in the brain. The present association between duration-deviant MMN and glutamate might reflect the effects of glutamate involvement in memory formation.
The present results show lower correlation values in the duration and frequency MMNm than do those of a previous twin study [8] . The analysis methods used with the MEG data potentially affected the results. The GFP was computed based on many sensors, and MMNm latency might have differed across channels. In addition, the strength of the MMNm showed higher ICC values than did the latency. This is comparable to the finding of Hall et al. [8] with low test-retest reliability. These results suggest that latency might be more variable than mGFP peak strength. The associations of plasma glutamate and glutamate/glutamine were shown with mGFP latency in the tone duration change condition but not in the phonemic change condition. The speech sound MMN has a partly different origin from the pure-tone MMN. The frontal cortex plays an attentional and/or top-down role in the modulatory control of speech sound processing [59] , while interest in this study focused on the temporal region. Both temporal and frontal regions contributed to the EEG recording, while only the temporal source contributed to the MEG because MEG cannot detect the frontal field generated by a radial source.
Limitations
Several limitations should be considered when interpreting our results. Firstly, the number of twin pairs, particularly DZ twin pairs, was relatively small. The setting of the sample size was determined according to Hall et al. [8] . The number of MZ pairs was comparable to the previous twin study using MMN, while that of DZ pairs was insufficient. Therefore, we could not perform a structural equation modelling analysis, and the present results showed significant differences after Bonferroni correction in the correlation between the absolute values of the MMNm indices and the amino acid values. In addition, most participants were female. Moreover, some twin pairs could not participate in the measurement of the levels of amino acids in the peripheral blood. The present results need to be replicated in a larger twin sample that includes more males and DZ pairs. Secondly, we focused on the RMS analysis and did not use the equivalent current dipole (ECD) data because the ECD analysis could not estimate the generator for all participants. However, the MMNm variables by RMS and ECD were positively correlated in all conditions (n = 66-76; mGFP strength, ρ = 0.34-0.76; latency, ρ = 0.22-0.59). We adopted the mGFP of the MMNm in step with a series of our studies [40, 41, 60] , which uses the mean waveform from multiple channels. That has the potential to lower the ICCs. Further study is needed with a more detailed analysis of single channels. In addition, because the MMNm is the MMN difference waveform, there is a possibility that a difference in MMNm latency might arise from a latency change in one of these responses or in both of them. Further analysis using the response waveform of each stimulus could elucidate the heritability of MMNm and its association with plasma amino acids. Thirdly, plasma glutamate level may not directly reflect glutamate activity in the brain. The relationship between plasma amino acid levels and CSF levels should be clarified in animal studies. The intra-pair differences in MMNm are affected by a variety of environmental factors including foetal development, childbirth, various experiences during life, and plasma glutamate at the time of MEG measurement. Comprehensive analyses of these factors are required, and correlations between individual MMNm values and plasma analyte levels across individuals should be examined in order to address whether these measures exhibit any correlation in the general population. These limitations require greater consideration in the future.
Conclusion
In conclusion, we investigated MMNm heritability and the association between the MMNm index and plasma amino acid levels in healthy adult twins. MMNm peak strength showed moderate-to-high heritability, but MMNm latency in all experimental conditions indicated low heritability in MZ twin pairs. The peak strength of phonemic MMNm in the left hemisphere in MZ twins exhibited a high ICC compared with DZ twins. In addition, the latency difference within twin pairs tended to be associated with the difference in the plasma amino acid levels. These results indicate that MMNm may be a promising biomarker related to the pathophysiology of psychiatric disorders such as SZ. However, the present results need to be replicated in a large twin sample.
